found by using either mutated PH domains that do not bind PI(3,4)P 2 /PI(3, and PTEN might contribute to the control of chemotaxis.
To answer this question, we examined the functions membrane in response to global stimulation with the chemoattractant (Figures 2A and 2C ; data for PI3K1 and subcellular localization of PI3K1 and PI3K2 and the phosphatidylinositol-3-phosphatase PTEN. Our findings not shown). In chemotaxing cells, both PI3K1-GFP and PI3K2-CFP localize to the leading edge ( Figure 2B , top suggest a model in which the localized increase of phosphatidylinositol-3 phosphates is the result of the integraleft; data for PI3K2-CFP not shown). A qualitative assessment of the dynamics and specificity of the localization of localization and activation signals for PI3K in concert with inverse regulation of PTEN, enabling dition was accomplished using a micropipette as a source of a chemoattractant gradient and moving the pipette rected movement of cells up a chemoattractant gradient.
around the periphery of the cell, examining changes in PI3K's subcellular localization. PI3K1-GFP ( Figure 2B ; data for PI3K2-CFP is indistinguishable from that of Results PI3K1-GFP and is not shown) transiently localizes to the site of the cell closest to the micropipette containing PI3K1 and PI3K2 Differentially Regulate the chemoattractant. When the pipette is moved to the Chemoattractant-Mediated PI3K opposite side of the cell, there is a rapid loss of PI3K1 Signaling Pathways from the initial site and a concomitant localization of Previous studies suggested that PI3K1 and PI3K2 were PI3K1 at the new site of the membrane closest to the at least partially redundant in some growth and developmicropipette. This response is similar to observations mental functions (Zhou et al., 1995) . In addition, ual importance in regulating chemoattractant-mediated we observe that PI3K1 and PI3K2 localize to the ends pathways, we examined the ability of two single-knockof pseudopodia in randomly migrating cells (cells exhibout strains (pi3k1 and pi3k2 null cells) to chemotax toiting random, amoeboid movement, i.e., in the absence ward a micropipette emitting the chemoattractant of chemoattractant; data not shown). cAMP. A computer-assisted (DIAS) analysis (Table 1) Like mammalian Class I PI3Ks, PI3K1 and PI3K2 have reveals that both single-knockout strains exhibit chemoa C-terminal lipid kinase and lipid-kinase-accessory dotaxis defects, although pi3k2 null cells are more affected Table 1) . Consistent with the level of translocation of compared to pi3k1/2 null cells (Table 1) . PhdA in these two strains, chemoattractant-stimulated We examined the kinetics of PI3K localization to the Akt/PKB kinase activity is ‫%06ف‬ of the wild-type level plasma membrane and compared them to those of in pi3k1 null cells but only ‫%41ف‬ in pi3k2 null cells. The
main, a Ras binding domain, and a C2 domain (Vanthan pi3k1 null cells but less affected than the doublehaesebroeck et al., 2001). In addition, PI3K1 and PI3K2 knockout strain (pi3k1/2 null cells). Subcellular localizahave long N-terminal domains with little sequence hotion of the PH domain-containing protein
PhdA. This was done using cell lines individually exresults show that PI3K2 has a significantly greater input pressing PI3K1-GFP or GFP-PhdA and in a strain that into chemoattractant-activated PI3K pathways than coexpressed PI3K1-CFP and PhdA-YFP. Figures 2C and PI3K1. The observation that the combined Akt/PKB ac-2E show that both proteins exhibit similar kinetics of tivity in pi3k1 and pi3k2 null cells is less than that of localization to the plasma membrane with PI3K apwild-type cells suggests that PI3K1 and PI3K2 may act pearing to localize slightly faster than PhdA, the exsynergistically in mediating PI3K-dependent responses.
pected result if PI3K localization and activation is required for PhdA localization. However, in making this PI3K Localizes to the Plasma Membrane in Response distinction, we approach the limits of resolution of our to Chemoattractant Stimulation assays, which are partially determined by the speed with The localization of PH domains that can bind the PI3K which we can capture images. One possible mechanism products PI(3,4,5)P 3 and PI(3,4)P 2 to the leading edge for downregulating the PI3K pathway would be the loss of chemotaxing cells suggested that PI3K may have a of PI3K from the plasma membrane. Interestingly, the similar subcellular localization and would thus provide loss of either PI3K from the plasma membrane occurs a mechanism for the production of PI(3,4,5)P 3 and more slowly than that of PhdA (data for PI3K2 not PI(3,4)P 2 at the leading edge. To test this, we examined shown), suggesting that delocalization of PI3K does not the dynamic localization of GFP (or CFP, a blue-shifted determine the duration of downstream signaling. GFP) fusions of PI3K1 and PI3K2. Both PI3K1-GFP and PI3K2-CFP rapidly and transiently localize to the plasma It was previously suggested that a feedback amplifica- The studies described above suggest that membrane sufficient to inhibit chemoattractant-mediated Akt activlocalization of PI3K plays a central role in spatially reity by Ͼ95% or in pi3k1/2 null cells). We find that the stricting the activation of downstream effector path-PI3K-CFP fusions always localize to the plasma memways. However, they did not examine whether PI3K brane in response to chemoattractant stimulation with membrane localization is sufficient to activate PI3K and similar kinetics independent of PI3K activity ( Figure 2C ; enable downstream signaling. To better understand the data for N-PI3K1-CFP coexpressed with YFP-PhdA expressed in wild-type or pi3k1/2 null cells are not shown).
regulatory circuit controlling this process, we separated the signals mediating membrane localization of PI3K PI3K1. In contrast, pi3k1/2 null cells expressing myrtagged PI3K1 exhibit an approximately 4-fold higher from those potentially mediating its activation by targeting PI3K to the plasma membrane using a lipid memlevel of activation, indicating that membrane localization of PI3K1 enhances its ability to activate downstream brane anchor. When PI3K1 and PI3K2 are tagged with the myristoylation sequence from c-Src, which we prepathways. Expression of myr-PI3K1 in wild-type cells leads to a 2-fold increase in Akt/PKB activity. Interestviously demonstrated can localize Dictyostelium proteins along the plasma membrane (Meili et al., 1999), ingly, the basal (unstimulated) level of PKB activity in cells expressing myr-PI3K1 is similar to that of wild-PI3K1 and PI3K2 are constitutively found uniformly around the plasma membrane, as determined by indirect type cells. We also observe no increase in the plasma membrane localization of PhdA in unstimulated cells immunofluorescence using an antibody against the N-terminal Src myristoyl targeting sequence (data not (data not shown), suggesting that membrane localization of PI3K1 does not result in a high constitutive PI3K shown). To examine the effect of constitutive membrane targeting on PI3K function, we used PI3K1, which our activity in contrast to observations for membranetagged mammalian p110␣ (Klippel et al., 1996). We cananalysis of the single null strains indicates has significantly weaker activity than PI3K2. We then compared not, however, exclude the possibility of a rise in basal activity that is coupled with a rapid hydrolysis of the the phenotypes resulting from overexpressing untagged PI3K1 with those of myr-tagged PI3K1 in wild-type and lipid products by PTEN or other lipid phosphatases. A PI3K1 construct, lacking residues 2-492 containing the pi3k1/2 null cells. As shown in Figure 1B and Table 1 , expression of PI3K1 in pi3k1/2 null cells restores PKB membrane localization domain, does not complement the loss of PI3K1 function when expressed in pi3k1/2 activation to a level that is slightly higher than that of pi3k2 null cells, which has the endogenous copy of null cells ( Figure 3A ). These results demonstrate that membrane localization this lysine (K736 in PI3K1) was required for the interaction in the two-hybrid system by mutating it to glutamate. of PI3K can direct pseudopodia formation, and PI3K seems to be rate limiting for this process at the sides (As PI3K2 has two adjacent lysines, both [K857 and K858] were mutated.) Figure 3B demonstrates that the K of polarized cells. to E mutations abrogated the interaction with activated Ras. Both PI3K1 K736E and PI3K2 K857E,K858E translocate to PTEN Is a Negative Regulator of PI3K the plasma membrane in agreement with the structure/ Chemotaxis Pathways function analysis described in Figure 2D (data not Cells are able to move up a very shallow chemoattracshown).
tant gradient with only a small difference in the concenOur studies suggest that we should be able to use tration of chemoattractant from the front to the back of myr-tagged PI3K1 with and without the Ras GTP binding the cell. Studies in Dictyostelium cells and neutrophils mutation to examine whether Ras is required for PI3K indicate that the PI(3,4,5)P 3 /PI(3,4)P 2 concentration graactivation. Figure 3C shows that cells expressing myrdient, as determined by the concentration gradient of PI3K1 K736E exhibit only a minimal Akt/PKB activation after membrane-localized, PH domain-containing proteins cAMP stimulation, a finding that is consistent with a between the front and back of the cell, is significantly model in which Ras is an essential upstream regulator of steeper than the extracellular chemoattractant gradient. PI3K activation in response to chemoattractants. These Our studies indicate a similarly steep anterior/posterior cells also exhibit no localization of PhdA to the plasma gradient of membrane-localized PI3K, suggesting that membrane before or after cAMP stimulation. Expression the preferential localization of PI3K at the leading edge of myr-PI3K1 K736E in wild-type (KAx-3) cells results in a provides at least part of the mechanism of establishing slight decrease in the level of cAMP-stimulated PKB the internal second messenger gradient that has been activity, possibly due to a competition of the mutant proposed to be required for pseudopod formation. To PI3K with the endogenous wild-type PI3Ks for other investigate this further, we have characterized the pocomponents in the pathway. These findings indicate that tential role of Dictyostelium PTEN (GenBank accession both membrane localization and Ras are required for number AF467431), a phosphatidylinositide-3 phosphatase that removes the 3-phosphate from the PI3K prod-PI3K activation. In chemotaxing cells, PTEN is on the plasma memOur studies provide further insight into the mechanisms regulating pseudopod formation and the mechabrane along the lateral sides and posterior of the cell but it is absent or the level is significantly reduced at nisms by which a very steep internal gradient of PI(3,4,5)P 3 is established in chemotaxing cells. We demthe leading edge ( Figure 5E ). This pattern of localization onstrate that in chemotaxing cells, PI3K1 and PI3K2 PTEN, a known regulator of the PI3K pathway in cell survival and apoptosis, regulates the PI3K pathway in localize to the leading edge where they presumably phosphorylate PI(4,5)P 2 . Our finding that PI3K1 and response to chemoattractant stimulation in Dictyostelium. We find that overexpression of PTEN leads to a PI3K2 localize uniformly to the plasma membrane after global stimulation with a chemoattractant indicates that suppression of a PI3K-dependent activation of Akt/PKB, and these cells exhibit chemotaxis defects consistent PI3K localization occurs in response to the activation by chemoattractant-dependent signaling pathways rather with a reduction in PI3K activity, whereas a reduction of PTEN expression leads to a significant increase in than by accumulation at the leading edge of the polarized, chemotaxing cell via a more passive mechanism. chemoattractant-mediated activation of Akt/PKB and a decrease in chemotaxis speed. The most striking obserWhat restricts PI3K localization, and thus its activation, to the anterior of wild-type cells is unknown. We know vation is that PTEN delocalizes from the plasma membrane in response to chemoattractant stimulation. The from previously published studies that this is not due to a preferential localization of the chemoattractant rekinetics of the delocalization are concomitant, within the limits of our analyses, with the localization of PH ceptors (Servant et al., 1999; Xiao et al., 1997) or their coupling heterotrimeric G proteins to the leading edge domain-containing proteins to the plasma membrane. Moreover, we demonstrate that PTEN and PH domainas these are, for the most part, uniformly distributed along the plasma membrane (Jin et al., 2000) . A small containing proteins have the same reciprocal pattern of localization in chemotaxing cells: PTEN is lost from the anterior/posterior gradient in the G␤␥ subunit has been observed, but this gradient is weak compared to the leading edge and is associated with the plasma membrane on the lateral sides and back of cells, whereas the Akt/ gradient of PH domains or PI3Ks. Although Ras is required for PI3K activation, it is not required for its local-PKB PH domain localizes to the leading edge and not the back. These results suggest that PTEN is part of a ization.
We also demonstrated that the tumor suppressor regulatory loop that amplifies the activity of the PI3K It is chemotaxis and cell polarity defects have implicated possible that additional signaling components localize PI3K in playing an instructive role in controlling chemoto this area, and these components may inhibit the actitaxis. However, direct evidence for such a role for PI3K vation of anterior responses. has been lacking. By mislocalizing PI3K with a myristoyl tag, which places PI3K along the entire plasma membrane rather than solely at the leading edge, we demonRegulation of PI3K Activity strated pi3k1/2 null or wild-type cells expressing myrisWe find that the N-terminal domain of PI3K1 or PI3K2, toyl-tagged PI3K1 or PI3K2 are able to produce which lacks the Ras binding, C2, and kinase domains, functional pseudopodia from the lateral sides as well as is necessary and sufficient for plasma membrane localthe front of the cell. Furthermore, a PH domain-conization, whereas membrane targeting alone is insuffitaining protein is found along a very broad leading edge cient for activation of downstream responses, as the and/or at the front of each of the multiple pseudopodia of myr-PI3Ks do not ubiquitously activate PI3K effector chemotaxing cells rather than just a spatially restricted pathways. We identified a Ras binding domain (RBD) in domain at the front of the cell, indicating that PI3K is PI3K1 and PI3K2 homologous to the ones found in huactivating downstream pathways at these sites. We inman PI3Ks that bind the activated (GTP bound) forms terpret this response as meaning PI3K is able to direct of some, but not all, isoforms of Dictyostelium Ras as pseudopod formation at its site of activation and thus well as mammalian H-Ras. Of the Dictyostelium Ras plays an instructive role in mediating leading edge forproteins examined, binding was highest to RasG, which mation. These findings demonstrate that the lateral sides is involved in regulating random movement in Dictyostelof chemotaxing cells, along with the leading edge, are ium (Tuxworth et al., 1997). We find that PI3K carrying able to concomitantly activate signaling pathways that a mutant in the Ras binding domain that abrogated its lead to chemotaxis when cells are placed in a chemobinding to Ras GTP is unable to activate downstream reattractant gradient. We observed that whereas pseudosponses. We interpret these experiments as indicating podia form from the lateral sides of cells, the pseudopodia that Ras is an essential regulator of Dictyostelium PI3Ks often rapidly orient themselves up the chemoattractant downstream from the G protein-coupled chemoattracgradient. We observe this effect when the myr-tagged tant receptors, consistent with recent results examining PI3Ks are expressed in pi3k1/2 null and wild-type cells. the function of Dictyostelium RasC (Lim et al., 2000). This finding suggests that there is a mechanism in addiFurthermore, our studies using myr-tagged and wildtion to the leading edge localization of PI3K that meditype (soluble) forms of PI3K strongly suggest that localates the direction of pseudopod extension in these cells.
ization of PI3K to the membrane and the activation of We also note that pi3k1/2 null cells, although they exhibit PI3K occur through parallel pathways. Presumably, actistrong chemotaxis defects in pseudopod extension and vation of the heterotrimeric G protein leads to activation highly reduced cell polarity, move directionally toward of a Ras exchange factor and an increase in Ras GTP the chemoattractant source, albeit at a speed that is levels. Although we have no way presently to determine slower than that of wild-type cells. These results suggest where along the plasma membrane activated Ras is that localized activation of the PI3K pathway is one of located and whether the level is highest at the leading at least two mechanisms that contribute to directional edge, our findings with myr-PI3K suggests that Ras may cell movement. 
